The p53 protein is a key regulator of cell responses to DNA damage, and it has been shown that it sensitizes glioma cells to the alkylating agent temozolomide by up-regulating the extrinsic apoptotic pathway, whereas it increases the resistance to chloroethylating agents, such as ACNU and BCNU, probably by enhancing the efficiency of DNA repair. However, because these agents induce a wide variety of distinct DNA lesions, the direct importance of DNA repair is hard to access. Here, it is shown that the induction of photoproducts by UV light (UV-C) significantly induces apoptosis in a p53-mutated glioma background. This is caused by a reduced level of photoproduct repair, resulting in the persistence of DNA lesions in p53-mutated glioma cells. UV-C-induced apoptosis in p53 mutant glioma cells is preceded by strong transcription and replication inhibition due to blockage by unrepaired photolesions. Moreover, the results indicate that UV-C-induced apoptosis of p53 mutant glioma cells is executed through the intrinsic apoptotic pathway, with Bcl-2 degradation and sustained Bax and Bak up-regulation. Collectively, the data indicate that unrepaired DNA lesions induce apoptosis in p53 mutant gliomas despite the resistance of these gliomas to temozolomide, suggesting that efficiency of treatment of p53 mutant gliomas might be higher with agents that induce the formation of DNA lesions whose global genomic repair is dependent on p53.
Introduction
Astrocytic tumors are the most common primary brain malignancies. Among these, glioblastoma is the most malignant form and has the worst prognosis despite recent advances in surgical and clinical neurooncology (1) . Even with extensive treatment involving radical surgery, radiation, and chemotherapy, the median survival time of glioblastoma multiforme (WHO grade IV) is f1 year from diagnosis (2) . Thus, new approaches are required for improving glioma therapy.
The first-line therapy in the treatment of gliomas are alkylating agents, notably temozolomide, which is administered, in recent protocols, concomitant with ionizing radiation (3) . Recently, it was shown that temozolomide triggers apoptosis in glioma cells, which is a late response following exposure to this drug (4) . It was further shown that the p53 status determines cell killing (5) . Thus, human glioma cells with wild-type p53 were extremely sensitive to temozolomide treatment and underwent apoptosis through the extrinsic pathway via FAS receptor activation. In contrast, p53 mutant glioma cells were highly resistant to temozolomide, and the reduced levels of apoptosis observed were due to activation of the intrinsic apoptotic pathway (4) .
Because p53 is often mutated in brain tumors, with a frequency of mutation that ranges from 67% in anaplastic astrocytoma to 41% in glioblastoma (6) , it is of utmost importance to overcome acquired drug resistance in cells that have p53 inactivation. Within this context, it was recently shown that treatment of glioma cells with the chloroethylating agents ACNU and BCNU induce cell death preferentially in p53 mutant cells (7) . That study suggests that p53 mutant cells are more sensitive to ACNU and BCNU treatment due to defective DNA repair. However, because these agents induce several distinct DNA lesions and also DNA-protein cross-links (8) , it is difficult to establish the precise role of p53 in the resistance to treatment.
There is a plethora of agents able to induce lesions in the DNA. One of the most frequently studied of these agents is UV-C light. UV-C induces helix-distorting lesions in DNA, such as pyrimidine pyrimidone photoproducts and cyclobutane pyrimidine dimers (CPD; ref. 9) . The presence of these photolesions in the double-helix produces diverse biological responses in mammalian cells, such as blockage of DNA replication and RNA transcription, chromosomal breakage, DNA recombination, mutations, and, eventually, cell death by apoptosis (10) .
In human cells, UV-C-induced DNA lesions are normally removed by nucleotide excision repair (NER). The NER pathway is composed of two subpathways: transcription coupled repair, which removes lesions present in the transcribed strand of actively transcribing genes, and global genomic repair (GGR), which removes lesions from the rest of the genome (11, 12) . NER-deficient cells are hypersensitive to UV-C-induced apoptosis (13) . Also, removal of photolesions by photolyase was shown to prevent apoptosis (14, 15) , indicating that unrepaired DNA lesions are the main cause of UV-C-induced apoptosis in mammalian cells. The role played by p53 on NER has been studied extensively (for a recent review, see ref. 16 ). p53 accumulates in a dose-dependent manner in cells exposed to UV light through post-transcriptional mechanisms. Over the past few years, it has been shown that p53, or its regulated gene products, contributes to the repair of UV-C-induced DNA damage in human cells, because it regulates the expression of XPC and DDB2, proteins belonging to the GGR pathway of NER (17) (18) (19) .
The profound effect of p53 on NER regulation and the fact that UV-C is a very effective model to study DNA damage led us to investigate the effects of this DNA-damaging agent in the glioma cell model. Working with p53 wild-type (U87MG) and mutant (U138MG) cells, we show that UV-C light triggers apoptosis in human glioma cells. Interestingly, on UV-C irradiation, p53 mutant cells showed f10-fold increase in their apoptotic levels, therefore being significantly more sensitive to this agent than p53 wild-type cells. The increased apoptosis in p53 mutant cells correlates with a decreased repair of photoproducts. The data also provide evidence that UV-C induces apoptosis in human glioma p53-mutated cells mainly by the intrinsic apoptotic pathway. We propose that DNA-damaging drugs that induce DNA lesions whose repair is dependent on p53, as is the case of bulky lesions, could also trigger this apoptotic pathway in glioma cells, thereby overcoming the resistance of p53 mutant cells toward temozolomide.
Results
Glioma Cells Mutated in p53 Are More Sensitive to UV-C Light-Induced Apoptosis than p53 Wild-type Cells
The apoptotic response to temozolomide and UV-C light was compared in U87MG (p53wt) and U138MG (p53mt; 273Arg-His heterozygous mutation) glioma cells. Analysis of the sub-G 1 population by flow cytometry, a method commonly used for apoptosis quantification, showed that p53 wild-type cells are significantly more sensitive than p53-mutated glioma cells to apoptosis induction by temozolomide (for representative experiment, see Fig. 1A ), confirming previous results (4). However, after UV-C irradiation, the opposite effect was observed: p53 wild-type cells were clearly more resistant than p53-mutated cells (Fig. 1A showing data for 30 J/m 2 ). Except for sub-G 1 , we did not detect any differences in cell cycle distribution after this dose of UV-C irradiation in the cells tested. Figure 1B shows the time response of induction of apoptosis, showing that U87MG (p53wt) cells were clearly more resistant than U138MG (p53mt) cells for all time points measured. Data also show that apoptosis after UV-C is a late response, occurring >72 h after irradiation of exponentially growing cells. It is important to state that both cell lines have similar doubling times (data not shown).
The sensitivity of p53-mutated cells was further confirmed by colony survival experiments, where U138MG (p53mt) cells were more sensitive than U87MG (p53wt) cells to UV-C (Fig. 1C) . To confirm that the relative resistance of U87MG (p53wt) cells is in fact due to p53, the specific p53 inhibitor pifithrin-a was applied. Pifithrin-a significantly increased the sensitivity of U87MG (p53wt) but not U138MG (p53mt) cells exposed to UV-C, which is in line with a protective role of p53 in UV-C-induced apoptosis. To further substantiate these results, an additional experiment was done, where U87MG (p53wt) cells stably transfected with siRNA targeted to p53 (20) were UV-C irradiated (Fig. 1E) . In these cells, p53 was f75% less expressed than in the parental vector-only transfected cell line ( Fig. 1E, inset; quantification not shown). The data show that knockdown of p53 in U87MG cells clearly increased the level of apoptosis on UV-C exposure, almost reaching the frequency found in U138MG (p53mt) cells. Also, the role of p53 on the sensibility of glioma cells to UV-C irradiation was further investigated with the use of a different glioma cell pair. Figure 1F shows the results of U343MG (p53wt) and U251MG (p53mt;
273 Arg-His homozygous mutation) cells irradiated with 30 J/m 2 UV-C. It is clear that U251MG (p53mt) cells are more sensitive to the induction of apoptosis after UV-C when compared with U343MG (p53wt) cells.
To further confirm the data, we analyzed by fluorescence microscopy the amount of apoptotic cells using the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay. As shown in Fig. 2 , U138MG (p53mt) but not U87MG (p53wt) cells displayed after 30 J/m 2 UV-C irradiation a high extent of DNA fragmentation, which is indicative of apoptosis, supporting the data obtained by sub-G 1 cytometry. Overall, the data show that mutational inactivation or downregulation of p53 renders human glioma cells sensitive to UV-C light-induced apoptosis.
p53 Is Required for Efficient CPD Removal after UV-C Irradiation in Glioma Cells
The following step was to verify the kinetics of p53 stabilization after UV-C irradiation of human glioma cells. Figure 3A shows a Western blot analysis from nuclear extracts of U87MG (p53wt) and U138MG (p53mt) cells at different times after 30 J/m 2 UV-C irradiation. p53 stabilizes rapidly in p53 wild-type cells followed by degradation of the protein at later times. We did not detect nuclear p53 in the mutant cell line, although these cells express a mutant form of this protein that is detected in the cytoplasmic fraction without any sort of regulation after UV light (data not shown). The protective effect of p53 against UV-C in glioma cells could be explained by its influence on DNA repair. To substantiate this hypothesis, the amount and persistence of CPDs, the main type of lesion generated by UV-C light (21), was measured in U87MG (p53wt) and U138MG (p53mt) cells as well as in U87MG cells stably transfected with siRNA targeted to p53 (U87sip53) or with an empty vector (U87puro ''mock''). As shown in Fig. 3B , UV-C (30 J/m 2 ) induced significant amounts of CPDs in all cell lines tested, which were completely removed 24 h after irradiation in U87MG (p53wt) and U87 ''mock''-transfected cells. On the other hand, in U87MG cells transfected with siRNA targeted for p53, there is still a small amount of CPDs after 24 h from irradiation, whereas in U138MG (p53mt) cells these lesions were only partially removed even 24 h after irradiation. Obviously, p53 mutation, or even its downregulation, causes a slowdown in the rate of repair of CPDs. UV-C-induced DNA lesions are repaired by the NER pathway. At least two components of this pathway are controlled by p53, that is, XPC and DDB2 (16) . Figure 3C shows that these two genes are in fact up-regulated in U87MG (p53wt) but not U138MG (p53mt) cells already 30 min, and up to 8 h, after UV-C irradiation. At the protein level, we also observed a 9-fold increase in XPC levels 24 h after irradiation in U87MG (p53wt) cells, whereas U138MG (p53mt) cells presented only a 1.1-fold increase (data not shown). Thus, the data support the view that the sensitivity of U138MG (p53mt) cells to UV-C light might be due to a decreased efficiency in NER, which is in part controlled by p53.
DNA Replication and RNA Transcription Blockage following UV-C Irradiation of Glioma Cells
CPDs are replication-blocking lesions (9) . Therefore, if not repaired, they should reduce the level of DNA synthesis, which would be expected to occur notably in U138MG cells (p53mt), because these cells are impaired in the repair of CPDs (Fig. 3B) . To prove this, DNA replication levels after UV-C light exposure of both U87MG (p53wt) and U138MG (p53mt) cells were analyzed. The data shown in Fig. 4A show that DNA synthesis in U87MG (p53wt) and U138MG (p53mt) cells declines steadily until 6 h after UV-C irradiation. Strikingly however, DNA synthesis of U87MG (p53wt) cells starts to recover after this initial period, reaching control levels after 24 h from UV-C irradiation, indicating that replication-blocking lesions were removed from their genome. On the other hand, U138MG (p53mt) cells do not show DNA synthesis recovery. The data are in line with the conclusion that p53-mutated U138MG cells are impaired in NER.
UV-C-induced lesions may also block transcription. Therefore, we investigated the effect of UV-C irradiation on transcription of both cell lines by measuring the incorporation of radiolabeled uridine into RNA. As shown in Fig. 4B , RNA synthesis is attenuated to a higher level in U138MG (p53mt) than U87MG (p53wt) cells. Similar to DNA synthesis, recovery of transcription did occur in U87MG (p53wt) but not U138MG (p53mt) cells within a 24 h post-incubation period. Evidence is available that both transcription (22) and DNA replication inhibition (23) are involved in triggering apoptosis following UV-C. U138MG (p53mt) cells treated with UV-C under nonproliferating conditions (cells arrested at G 1 phase of the cell cycle by growth without FCS) showed a lower level of apoptosis than proliferating cells (Fig. 4C) , which supports the view that UV-C-induced apoptosis of glioma cells is greatly stimulated by proliferation.
p53 Mutant Glioma Cells Undergo Apoptosis following UV-C through Activation of the Intrinsic Death Pathway
Two main pathways for apoptosis have been identified: the death receptor and the mitochondrial damage pathways (24) . In both pathways, caspase-3 is the executing caspase. Following UV-C treatment, caspase-3 became activated to a higher level in U138MG (p53mt) than U87MG (p53wt) cells (Fig. 5A) , which is in line with the higher apoptosis level observed in U138MG (p53mt) cells. To elucidate which pathway is used by glioma cells following UV-C, cells were UV-C irradiated and posttreated with a FAS receptor antagonizing antibody, therefore blocking the FAS pathway. If any, there was a slight reduction of apoptosis by the anti-FAS antagonizing antibody in U87MG (p53wt) cells irradiated with UV-C light but not at all in U138MG cells (Fig. 5B) . For control, similar experiments were done with temozolomide, where a clear reduction of apoptosis of U87MG (p53wt) cells treated with the antibody was observed, confirming previous results (4). To further substantiate this, U87MG (p53wt) and U138MG (p53mt) cells transfected with dominant-negative FADD (DN-FADD) were UV-C irradiated with 30 J/m 2 ( Fig. 5C ). There was no influence of DN-FADD transfection on the level of apoptosis of UV-Cirradiated U87MG (p53wt) and U138MG (p53mt) cells. The data suggest that UV-C induces apoptosis in these cells through the mitochondrial damage pathway.
Hallmarks of mitochondrial apoptosis triggered by DNA damage are Bcl-2 decline and increase of Bax and Bak levels (25) . Therefore, these proteins were quantified in glioma cells on UV-C exposure. As shown in Fig. 6 , there was a clear Bcl-2 decline with a concomitant Bax and Bak up-regulation in U138MG (p53mt) cells irradiated with UV-C light. On the other hand, U87MG (p53wt) cells also showed Bcl-2 decline on UV-C irradiation, but there was no Bax up-regulation. There was no detectable Bak expression in these cells. Therefore, the data are consistent with the conclusion that apoptosis is executed through the intrinsic pathway mediated by the ratio between the antiapoptotic Bcl-2 and the proapoptotic Bax and Bak expression level.
Discussion
Although many chemotherapeutic drugs target DNA, knowledge of the mechanisms of DNA damage triggered cell death in tumor cells is still incomplete. Recently, it was shown that cell death induced by treatment with the methylating agent temozolomide is largely sensitized by wild-type p53, whereas p53 mutant cells are significantly more resistant to this agent (4, 5) . This finding immediately implies that glioma treatment with temozolomide might be selecting p53 mutant cells, resulting in recurrent gliomas, which would be less responsive to the same treatment. In this regard, as p53 is the most common gene altered in cancer (26) , any type of treatment that is able to effectively induce apoptosis in a p53 mutant background becomes increasingly important. In this sense, it was also recently shown that treatment of human glioma cells with chloroethylating instead of methylating agents is able to induce apoptosis more efficiently in p53 mutant cells, which was taken to indicate that chloroethylating drugs such as ACNU and BCNU represent a reasonable alternative therapeutic strategy for temozolomide-irresponsive tumors (7). The authors proposed that the higher sensitivity of p53 mutant cells to treatment could be related to defective DNA repair, which was indicated by lack of up-regulation of XPC and DDB2 in p53 mutant glioma cells in response to ACNU (7) .
In the present study, data clearly reveal that the generation of CPDs in DNA by UV-C light triggers apoptosis highly efficiently in human p53 mutant glioma cells. The increased sensitivity of p53 mutant cells in comparison with U87MG (p53wt) toward UV-C light is related to a decreased efficiency in the removal of CPDs. The results show that U138MG (p53mt) cells have reduced levels of XPC and DDB2 after UV-C irradiation. This confirms, for the first time in a human glioma model, previous results showing that p53 is a transcriptional activator of these genes following UV-C exposure (17, 18) and that disruption of p53 increases the sensitivity toward NER-inducing agents (27) . In fact, the decreased expression of XPC and DDB2 and p53 deficiency per se seems to impair DNA repair, as CPDs are removed with low efficiency in p53 mutant or down-regulated cells. Because it has been shown that the removal of the other major lesions induced by UV-C, that is, the pyrimidine(6-4)pyrimidone photoproducts, is normally not affected by p53 status of the cell (28), CPDs are most likely the lesions responsible for UV-C-induced apoptosis in this cell model.
It has also been proposed that p53 selectively affects GGR, while having little or no influence on transcription coupled repair (16) , which is in agreement with the increased expression of XPC and DDB2 genes (both active in GGR), in p53 wildtype cells. Thus, the increased UV-C sensitivity of U138MG (p53mt) cells is probably due to a deficiency in GGR, not in transcription coupled repair. It has also been proposed that, in p53 wild-type cells, apoptosis by UV-C light is triggered by the DNA damage-induced blockage of RNA polymerase II (29) . Here, we found that p53 mutant cells also present a significantly increased blockage of transcription after UV-C. We also show that these cells are impaired in XPC and DDB2 up-regulation following UV exposure. Because these proteins are not involved in the repair of transcribed regions of the genome (transcription coupled repair), the results presented here are unable to depict the reason behind the lack of recovery of transcription after UV irradiation in these cells. However, it is tempting to assume that the absence of functional p53 is also related to a decreased transcription coupled repair activity.
On the other hand, DNA replication is also highly inhibited in p53 mutant glioma cells, which is coherent with a decreased GGR activity. Moreover, nonproliferating U138MG (p53mt) cells are significantly more resistant to UV-C-induced apoptosis than proliferating cells. These data support the idea that the blockage of DNA replication by UV-C-induced damage also signals apoptosis. This is in agreement with previous reports, which showed that replication-arrested rodent and human cells do not induce apoptosis following UV-C (30, 31) and that inhibition of DNA synthesis by aphidicolin (an specific inhibitor of replicative DNA polymerases) prevents apoptosis in UV-C-irradiated rodent cells (23) . One interesting possibility is that the blockage of replication by CPDs, unrepaired due to the deficiency in GGR, plays a more important role inducing apoptosis in p53 mutant cells than in wild-type glioma cells. Experiments are needed to shed new light on this subject.
Temozolomide-and ACNU-induced DNA lesions were shown to trigger the extrinsic apoptotic pathway in p53 wildtype cells and exclusively the intrinsic pathway in p53 mutant cells (4, 7) . The results showed that this is also the case for UV-C-induced DNA lesions, because apoptosis in p53 mutant cells was not inhibited by death receptor pathway neutralization. Also, despite the significant Bcl-2 degradation was observed in both cell lines, only U138MG cells (p53mt) presented a concomitant Bax and Bak up-regulation following UV-C exposure. Because the ratio between these proteins regulates the mitochondrial outer membrane permeabilization (32), the mitochondrial damage pathway appears to be mainly involved in UV-C-induced apoptosis of p53 mutant glioma cells. In fact, it has already been shown that knockdown of p53 accelerates the reduction of antiapoptotic proteins belonging to the mitochondrial pathway of apoptosis, partially mediated by E2F1, increasing the sensitivity to UV light irradiation (33, 34) . It is intriguing that although U87MG (p53wt) cells presented Bcl-2 degradation, there was no up-regulation of Bax and Bak. We believe this might be explained by the fast and efficient removal of CPDs from DNA, inhibiting the apoptotic downstream signaling; however, experimental support for this hypothesis is still lacking. Acquired glioma drug resistance to the current therapy protocols includes the problem that the target tumor cells may be resistant to apoptosis induction and that chemotherapeutic treatment may then lead to the selection of resistant cells, giving rise to tumors that are nonresponsive to the same treatment (35) . The understanding of the molecular regulation of apoptosis induction in tumor cells may contribute toward designing strategies for improving current chemotherapeutic protocols during glioma therapy. To this end, we showed that temozolomide-resistant human p53 mutant glioma cells (4) are significantly more sensitive to agents inducing different types of DNA lesion, that is, ACNU-induced lesions (7) and photoproducts generated by UV-C light. Although still theoretical, because the experiments were done under in vitro conditions, this work brings important considerations on the mechanisms of acquired tumor resistance to DNA-damaging agents, suggesting that the knowledge of the different DNA repair pathways in specific genetic backgrounds might improve therapy of this devastating disease.
Materials and Methods

Cell Culture
U87MG, U343MG (p53 wild-type), U138MG (273Arg-His heterozygous p53 mutation), and U251MG (273Arg-His homozygous p53 mutation) glioma cell lines (20, 36) , the DN-FADD transfectants (U87DN-FADD and U138DN-FADD) , and the siRNA (p53)-transfected cells (U87mock and U87sip53) were routinely grown in DMEM (Invitrogen) supplemented with 10% FCS (Cultilab) and 1% antibiotic-antimycotic (Invitrogen) at 37jC in a humidified 5% CO 2 atmosphere.
Transfection of Glioma Cells with DN-FADD and sip53
The transfection method for DN-FADD in human glioma cells has been described in our previous work (4) . Briefly, DN-FADD transfectants were generated in U87MG (p53wt) and U138MG (p53mt) cells by transfecting pcDNA3-DN-FADD (37), which contained a neo gene for selection. G418-resistant clones were picked in 24-well plates and DN-FADD-positive clones were determined by Western blotting. siRNA transfectants with siRNA targeted toward p53 were a kind gift of Prof. M. Weller (University of Tubingen) and have already been described before (20) .
UV-C Irradiation
Approximately 1.0 Â 10 5 cells were plated in 60 mm Petri dishes 24 h before UV-C irradiation. Cells were washed twice with prewarmed PBS and irradiated by a low-pressure germicidal lamp (UV light emitting mainly at 254 nm, with a dose rate of 1.00 J/m 2 /s). The UV-C dose was monitored by a VLX 3W radiometer, monochromatic sensor CX-254.
Colony Survival Assay
Approximately 10 3 cells were plated in 60 mm Petri dishes 8 h before UV-C irradiation. Cells were washed twice with prewarmed PBS and irradiated by a low-pressure germicidal lamp (UV light emitting mainly at 254 nm). After irradiation, cells were maintained in complete medium for 10 to 12 days and then fixed with 10% formaldehyde and stained with 1% violet crystal. Survival values were obtained as the ratio of the number of colonies from irradiated cells to nonirradiated cells.
Drug Treatment
Approximately 1.0 Â 10 5 cells were plated in 60 mm Petri dishes 24 h before treatment with different concentrations of temozolomide (Schering-Plough). Temozolomide stocks were prepared by dissolving the drug in DMSO, diluting with sterile H 2 O, filtering, and storing at -80jC. The p53 inhibitor pifithrina (Calbiochem), which reversibly blocks p53-dependent transcriptional activation (38), was added 1 h before UV-C irradiation and 72 h after treatment with 100 Amol/L temozolomide. FAS receptor (CD95/Apo1) was inhibited by adding 1 Ag/mL anti-FAS neutralizing antibody (clone ZB4; Biozol Diagnostica Vertrieb) 24 h after UV-C and temozolomide treatments, and every 24 h after the initial treatment, the antibody was readded until samples were harvested. The percentage of population undergoing apoptosis was determined after 120 h for UV-C irradiated samples and after 144 h for temozolomide-treated cells.
Apoptosis Analysis by Flow Cytometry
After different times (indicated for each experiment), both adherent and detached cells were collected and centrifuged at 1,500 rpm for 5 min. Pelleted cells were lysed with 500 AL of a hypotonic fluorochrome solution (50 Ag/mL propidium iodide in 0.1% sodium citrate + 0.1% Triton X-100) and incubated at least 30 min on ice in the dark. Then, the samples were transferred to microtubes, and propidium iodide fluorescence was measured by flow cytometry (FACSCalibur; Becton Dickinson). Results were obtained as percentage of subdiploid nuclei (WinMDI Software), which represents the apoptotic cells.
Apoptosis Analysis by TUNEL Assay
The Dead End Fluorimetric TUNEL System (Promega) was done according to the manufacturer's protocol. Briefly, cells were plated in Lab-Tek chamber slides (Nalge Nunc), UV-C irradiated or not, and after 96 h post-exposure, cells were fixed 
Preparation of RNA and Reverse Transcription-PCR
Total RNA was isolated using the RNA II Isolation Kit (Macherey-Nagel). RNA (2 Ag) was transcribed into cDNA by SuperScript II (Invitrogen) in a volume of 40 AL, and 3 AL were subjected to reverse transcription-PCR. Reverse transcription-PCR was done using specific primers (XPC: 5 ¶-CTTT-GATTTCCATGGCGGCTACTC-3 ¶ and 5 ¶-GCTGCTGCTTTC-TTTTCCCTTTTG-3 ¶ and DDB2: 5 ¶-GGGGCTCCAGCAGT-CCTTTTT-3 ¶ and 5 ¶-GGGCCACATGCGTCACTTTCTTTT-3 ¶; MWG Biotechnology) and Red-Taq Ready Mix (Sigma).
Dot-Blot Analysis
For dot-blot analysis, both irradiated (30 J/m 2 ) and nonirradiated U87MG, U138MG, U87mock, and U87sip53 cells were harvested at different times following UV-C exposure and their genomic DNA was extracted by use of a specific DNA isolation kit (Macherey-Nagel). DNA extraction was done according to the manufacturer's protocol. After DNA quantification by spectrophotometer reading at 260/280 nm, 1.0 Ag DNA/sample was loaded into the blotting apparatus and transferred onto polyvinylidene difluoride membranes. Membranes were blocked for 2 h in 5% (w/v) milk powder in PBS containing 0.1% Tween 20, incubated for 2 h with mouse primary antibody (1:1,000 anti-thymine dimers; Kamiya Biomedical), washed three times with PBS-Tween 20, and incubated for 1 h with peroxidase-coupled anti-mouse secondary antibody (1:3,000; Santa Cruz Biotechnology). After final washing with PBS-Tween 20 (three times for 10 min each), blots were developed by using a chemiluminescence detection system (Amersham Pharmacia Biotech).
Preparation of Cell Extracts for Protein Analysis
Treated and untreated cells were harvested by trypsinization, washed once with ice-cold PBS, and resuspended in sonification buffer [20 mmol/L Tris-HCl (pH 8.5), 1 mmol/L EDTA, 5% glycerin, 1 mmol/L DTT, 0.5 mmol/L phenylmethylsulfonyl fluoride]. After sonification, the remaining cell debris was removed by centrifugation at 10,000 Â g for 15 min and supernatants were collected.
Western Blot Analysis
Protein (20-30 Ag) from cell extracts was separated in a 10% to 12% SDS polyacrylamide gel. Thereafter, proteins were blotted onto a nitrocellulose transfer membrane (Amersham Pharmacia Biotech) for f3 h. Membranes were blocked for 1 h in 5% (w/v) milk powder in PBS, incubated overnight at 4jC with the primary antibody [anti-Bax, anti-Bcl-2, and anti-ERK-2 (Santa Cruz Biotechnology), anti-p53 (Cell Signaling), and anti-Bak (Calbiochem)], washed three times with PBSTween 20, and incubated for 1 h with peroxidase-coupled secondary antibody (1:3,000; Sigma). After final washing with PBS-Tween 20 (three times for 10 min each), blots were developed by using an enhanced chemiluminescence detection system (Amersham Pharmacia Biotech).
Caspase-3 Activity Measurement
The caspase colorimetric assay (R&D Systems) was done according to the manufacturer's protocol. Briefly, cells were UV-C irradiated or not, and after 96 h of post-exposure, cells were trypsinized, counted, and collected by centrifugation. Cell pellets were lysed on ice and centrifuged, and the supernatant was transferred and kept on ice. The enzymatic reactions were carried out in 96-well microplates (405 nm, 37jC, 1-2 h) with the addition of an equal volume of 2Â reaction buffer and appropriate caspase colorimetric substrate before the measurement on an ELISA reader.
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